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EBSTRACT

In estimating signals as P-waves, without regeard to
distinquishing the P-waves in ambient noise frod those which
are ~dded by a teleseismic sianal, the comcarative perfor-
mance of a thirteen element small aperture horizontel agra¥
and a seven element vertical array favors the wverticai array.
finalysis of the variance of the residual noise under ine
estimate of signal on the vertical array results in a 51913
estimation error which is 31 dt down on the vertical erray
estimate of signal,and 15 db down on G e 2Ene H EharaT
Some preliminary indications, using the estimate G chialirall
on the horizontal array to compute residuals on the hori-
sontal arr>y and using estimates of signal on the vertical
array to compute residuals on the vertical array, 2are 31 db
on the verticai array and 23 db on the horizontal array. Most
of this difference in the two arrays st Inil b cRRiiamaisre it e NiGE
noise (less than 0.8 Hz) as band pass filtering tends to remove

the difference in estimation error hetween the two arrays.

From the point of view of using the arrays tc renove ambient
noise, the results of a single P-wave sianal estimation favors
the horizontal array over the vertical array, bah o G Do v
This results because the ambient noise at this site can be
characteriied as a single dominant P-wave plus uncorrelated noise.
As a horizonté] array element is displaced from a reference
element, the relative amount of uncorrelated noise increases
much more rapidly than on a vertical array. This suggests a
Markovian P-wave noise model for quiet sites such as the one
considered here. Thus small horizontal arrays can be expected
to contain substantially more uncorrelated noise despite the

much larger stepout aperture i wina wErel efl NPER] o



The processor used here is iterative and allows for
amplitude anomalies in the teleseismic P-wave model and
Ao w,s M o eI i ciDLE uncorrelated noise under each channel.
Both the amount of uncorrelated noise and the amplitude
anomalies differ significantly for events from different
RCIORIC TSP SIS conceivable that a brocessor can be
designed which distinguishes the ambient P-wave model from
the teleseismic P-wave model with amplitude anomalies. Such
a processor would involve a double P-wave estimation with
the two P-wave modes distinguishable by their amplitude
anomalies. This contrasts with the single P-wave estimation
considered in this report.
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INTRODUCTION

The purpose of this study is to develop an advanced
signal estimation technique and to use it to make a com-
parative evaluation of a vertical array and a small aper-
ture horizontal array centered over the vertical array.
Such a technique should reduce the noise level, and lead
to more accurate measurements of P-waves for detection

and discrimination,

The methods used basically follow those used by Dean
(1966) and Shumway and Dean (1968). The particular method
applied here is the single P-wave signal estimation. OQur
signal models are more general in tnat the amplitude of
both the incident and reflected plane waves can vary from
sensor to sensor to account for amplitude anomalies. Time
anomalies were not accounted for in odr model, but perhaps
should be accounted for in advanced models.

Shumway and Husted (1970 carried out a SAIGIEN B8 e
mation and detection procedure based on the assumption that
signal estimation errors have common SEERISE T Ical oD e R le's
on each channel, In our estimation procedure, the variance
of the noise on each channel is a quantity to be estimated.
An iterative procedure is used to estimate the signal gain
due to amplitude anomalies and to estimate the variance of

the residual noise sn each channel,

Analysis of variance from a prescribed signal model was
used by Booker (1965) as a means of measuring array perfor-
mance. In this analysis, the estimation error was computed
in a similar fashion over a time window starting at the
expected signal arrival time.



Shumway and Husted (1970) extended tha analysis of
variance to frequency dependent signal and noise by using

power spectral densities.

Spatial correlation measurements of ambient noise were
used as a basis for designing multi-channel filter estimates
of teleseismic P-waves, using small aperture horizontal
arrays and vertical arrays, by Backus et al (1964) and Rodin
(1965). Some apparent reduction of noise occurring before
signals was obtained. Since only modest gains were shown,
=n the order of 1 db over beamed sums, the present study
‘oes not use these techniques and is limited to simple
w~eighted beaming. Weighted beaming is optimum under the
assumption that the errors on each channel are independent
with different variances. Another 1nter?sting application
uses multi-channel correlation measurements of ambient noise
to detect the first motion of signals by plotting the noise
estimation error wnich should be large at the onset of an
event.- This has been illustrated for small aperture horizontal
arrays by Claerbout (1964) and for vertical arrays by Douze
and Mack (1970).

Time varying filters were applied to the estimation of
signals on small aperture horizontal arrays with some modest
improvement over time invariant filters by Lintz (1969). Sax
and Hawkins (1966) used time varying multiplicative filters
to detect weak signals using a vertical array. This method
showed some increased detection over band pass filtering.

Broding et al (1964) made an application for the detec-
tion of P-waves of three dimensional arrays utilizing five
abandoned o0il wells. In our configuration one deepwell array

was used approximately 2 1/2 times deeper than theirs, and with



six seismometers instead of three.

Broding et al, obtained +'n reduction in ambient noise by
simple beaming. They indicated however that their ambient
noise was a dominant fundamental mode Rayleigh wave. In the
present case, with ambient P-waves, such a reduction cannot
be anticipated. Broding's result, however, suggests that ihe
present technique should be applied to a site where fundamental

Rayleigh modes are significant.



PROCEDURES

The short-period data used in this study were recorded
by vertical component sensors operating in a deep well and
in a surface array centered over the vertical array. The
vertical array contains six elements spaced at nearly equal
intervals over 2.9 km; the horizontal array has a diameter
of about 3.5 km and contains 13 sensors. fn the vertical
array teleseismic P-waves are distinguishable on f-k spectra
at frequencies greater than 0.6 Hz. By scaling these results,
the horizontal array can distinguish between two uncorrelated
teleseisimmic P-waves propagating from oppnsite directions at
frequencies greater than 3.0 Hz, and can distinguish opposite
traveling fundamental mode Rayleigh waves at frequencies

greater than 0.5 Hz.

The gradient of propagation slowness at the earth's sur-
FaEE 18 mrpieslly se | oG sec/kmz, with downward sense taken
positive. The propagation slowness at the EalRbh SIS il del s
taken as 0.204 sec/km, which is a typical value for limestone,
metamorphics, oOx granite. iakEInge Sor @S the slowness at the
surface and, a, as the gradient of slowness with depth, the
slowness can be obtained as a function of depth:

The ray parameter, p, for teleseismic P-waves, depends on the
distance between source and receiver, and is given by Richter
(1958) for teleseimsic P-waves. Given 0, S, @, and the coor-
dinates of the array, the components of stepout due to displace-

ment from the origin are as follows:



—
H

-px sin 86 Ty = -py co0s 8
(1)

The angle, 5, is the back azimuth of the event measured clock-
wise from North. The total stepout associated with each
horizontally displaced sensor is

TR T [ (1a)

The uphole time associated with each vertical atray sensor
is TZ.
The model used to represent signals propagating across the
array neglects most of the complications arising from the hetero-
geneity of the earth except to the extent that such effects are
lumped into amplitude anomalies. The model neglects all conver-

shilo nskiran detiisara seGoll M oSt
Horizontal Array:

U(t,%,y50) = Clx,y,0) h(t-T =T ) (2a)
Vertical Array:

U(t,0,0,2) = C(0,0,2)[h(t-T ) + R(z) h(T-T )] (2b)

General Array:

U(t,x,y52) = COny,2)[R(ET =T +T)) + R(x,y,2)h(t-T,=T,-T ) ]

(748)



No a-priori assumptions are made about the amplitude anomalies
C(x,y,z) or about the apparent change in the nocminal half-space
reflection coefficient, R, due either to gradients in propaga-

tion slowness or to inadequacies in the model.

—

A summary outline of the analysis procedure js as follows:

1. The horizontal ‘surface) array traces are aligned
according to the expected arrival time of an event. The result

is shown in the horizontal array sensor traces, Appendix 1.

2. The vertical array traces are match filtered with the
operator 1/2 [5(t-Tj) + S(t+Tj)] which assumes a unit reflection
coefficient. They are naturally aligned on the raw data traces
so that the principal pulses in the output are vertically above
one another. The result is shown in the vertical array sensor

traces, Appendix 1.

3. The horizontal array traces are then summed with equal

. weights. The result is trace H in Appendix 1.

4. The vertical array traces are summed and the result 1is
operated on by the process described by Shumway and Dean (1968)
to remove side-lobes. The result is trace V in Appendix 1.

5. Both the horizontal and vertical array data are beamed
with their appropriate operators as in (3) and (4) above. The
result is trace H+V in Appendix 1.

6. Trace V in Appendix 1 is taken as a preliminary esti-
mate of the true signal. The gain coefficient between it and
each of the horizontal array traces is estimated by least-sqguares.

fhe results, properly gained are plotted in Appendix 2.

7. With the new gain coefficients the surface array 14

re-beamed, and the result is found in trace H in Appendix 2.



8. Each channel recorded in the vertical array is hypo-
thesized to consist of a direct wave of the form of Trace V
in Appendix 1, plus a reflected wave of the same form delayed
by a known time. Fach wave has an arbitrary incident and
reflected amplitude which is determined by fitting the model

to the original data trace using least-squares.

9. Trace V of Appendix 1 is delayed and subtracted from
the raw data traces according to the values determined in (8)
above. The results are plotted as the vertical traces 1in

Appendix 2.

10. The vertical array traces in Appendix 2 are summed.

The result is trace V in Appendix 2.

11. Both the horizontal and vertical array traces are
beamed with their appropriate operators as in (6) and (9) above.
The result is trace H+V in Appendix o

12. Trace V in Appendix 2 was then subtracted with the
proper delay and gain from each raw trace in Appendix 2 of the
horizontal and vertical arrays. The recidual is plotted on the

horizontal array traces in Appendix 3.

13. The raw horizontal array data traces are then beamed,
weighted both by the gains and by the inverse mean square
residual noise under the region being beamed. The result is

trace H in Appendix 3.

14. Similarly, the vertical traces shown in Appendix 2
are beamed with weights obtained from the appropriate gains
and the inverse residual noise. The result is trace V in

Appendix 3.

15. FBoth the horizontal and vertical array data are
beamed with their appropriate operators as in (14) and (15)
above. The result is trace H+V in Appendix 3.

=7E



I't should be strongly emphasized that anomalous time
delays across the drray can severely influence the residual
noise fiqure: no information on anomalous time delays is
included in any of thra models used in this SERUIY ST
Tmportance of such anomalies in tracking wavefronts across
stiall horizontal arrays is shown by H. Mack (1969) and such
information may ecventually be required to estimate teleseismic
P-waves effectively on small Ho sz onttall arrays. The neglect
of these effects May prejudice the comparison between horij-
zontal and vertical arrays, and since thisg information is in
principle obtainable, any unfavorable comparison should not
be taken as final. It ig perhaps more useful to etk e Glpe
tbo arrajs as complementary configurations where the horizontal
array provides information on direction and distance of the
source, while the vertical array may be a sensitive discriminant'
between wave modes.

The total array consists of 19 short period instruments
designed to record high frequency signals such as P-waves at
teleseismic distance. The co-ordinates in kilometers of each

ér‘cr RO IR IRTISHVETC N I T -

Seven events are used to demonstrate the array as a P-wave
EISEATNTT M0 I (U P o P quantities of interest are tabulated for
each event. Most descriptors are self-evident; the quantity
called signal contrast isg used as a quantitative measure of the
size of the signal. 1t is thiegtzaityi'osfo ft hie peak power spectral
density after the expected signal arrival time to that before
the expected signal arrival time. The list of event parameters
1S ftound in Table [1I.

A set of channel gain estimates, obtained in Step (6) above
are tabulated on Tablelll. These are applied to the horizonta?
array channels after correcting for systemn response. These



TusiLis i

East, North, and distance down are taken positive

Array Element E-W w=s Depth
1 Ul 0.000 km 0.000 km 0.000 km
2 U2 0] )26 0.834 0.000G
3 U3 0.830 (IS 0.000
4 U4 -0.062 -.0615 0.000
5 us SOPRA00 = Uo U Sl 0.000
B ue ()5 ) 0, VM 0.000
7 u7 -0.012 1 5 53 100 0.000
8 us 0.944 1.544 0.000
9 u9 Il /78] 0.052 0.000

10 ulo 658 ), 7P 0.000
11 Utl 0.404 = Vo 1 0.000
1) # uiz -1.283 {0, S0/ 0.000
13 Uu13 -1.658 Q200 0.000
14 D6 0.000 0.000 0118 0
15 D5 0.000 0.000 1.067
16 D4 0.000 0.000 1.524
17 D3 ' 0.000 0.000 P21 H
18 D2 0.000 0.000 2.438
9 D1 0.000 0.000 2.896

Distances are measured from the vertical array at the earth's surface.



Event Seilsmogram Time

Ho. Number (GMT)
1 14007 {17 i)
2 14008 RI225082.0. 410
3 14009 WAL ) 1 pdraay)
4 14010 12/05 0246
5 14010 152 405802416
6 14011 11/26 0828
7 14012 INI/AZ9 0130

Propagation Slowness:

.204

TABLE 11

Event Data

Back

Ray
Azimuth Parameter

Signal
Focus Contrast

Magnitude (km) (db)

A28
324.4
224.0
1470
112780

9.3

104.7

.045
.056
.045
.054
.054
.077

80513

.9 67 06.6
ol 33 -00.2
ol 161 21.5
.4 0 07.0
5 68 313 02.0
7 33 08.0
0 0 (10

Gradient: -.0069



TABLE I1I

Signal Gain Equalization Factors
Horizontal Array

Event Number

Channe] 1 2 3 4 5 6 7
U1 .861 .878 719 .760 852 1,066 .734
U2 .709 .697 545 .636 .696 912 482
u3 911 .828 741 .850 917 1.041 640
U4 724 .690 ,498 . 702 .808 .942 562
us .794 .686 .723 .729 778 1.013 641
U6 .731 .781 .583 653 .739 .979 6071
u7 607 .609 .409 492 552 .678 424
us L7301 618 .63 677 687 .933 .524
U9 . .652 L6071 .514 .583 746 . 865 .367
ulo  .708 .574 524 516 .659 771 Gl
il .408 .372 .313 . 385 .351 503 .263
U1z .615 .558  .483 .596 .705 .899 .398

ut3 85Gl) .548 .556 .563 .705 o 8 8% .446




channel gains represent estimates of the gain required to
equalize the amplitude anomaly, C(xi, Yio 0),- to a mean value,
where the subscript i designates the horizontal array channel
at position (Xi’ yi) and at z = 0. The amplitude anomaly is
the apparent gain of the signal on the ith channel compared to
the average over all channels. In the case of the channel
gains given in Table III, the mean of all the channels was used
as an estimate to h(t) in equation 2a; and a least squares
estimate of the constant times the estimate of h(t) which equal
Ul Xis ¥is 0) is the ith channel gain estimate. Independent
estimates are obtained for each event.



A set of channel gain estimates for the vertical array
are tabulated in Table IV. These utilize the signal model in
equation (2b). Least squares estimates were obtained by a
procedure similar to that used on the horizontal array. However,
since the signal model on the vertical array consists of a
reflected wave with unknown echo amplitude as well as incident
amplitude, least squares estimates of C(o, o, z) and R(z) were
computed for the vertical array channels.

A1l of the quantities estimated by least squares proceadures
were determined independently on each channel, and were esti-
mated in a time window of approximately one half minute fd]]owing
the expected arrival time of the signal.

The arbitrary one half minute time window was adequate for
the high S/N ratio, the channel gain should be computed with a
smaller window with a provision to search within limits for the
maximum cross-correlation between the signal estimate and the
channel to obtain the record where the added teleseismic energy
is most apparent. Also pre-filtering of the channels to emphasize
the added teleseismic energy should be considered for low S/N cases.

After estimating the amplitude anomalies on the horizontal
and vertical arrays, and the echo amplitude anomaly for the
vertical array, the channels were gain equalized. For the hori-
zontal array this amounts to dividing each channel by its apparent
amplitude anomaly, thus reducing the apparent signals on each
channel to equal size. In addition to dividing each vertical
array channel by its apparent amplitude anomaly, the effects
of echo distortion were removed. Since we have (1) E3 i g Al
estimate of the signal based on the assumption of equal channel
gains, (2) an estimate of the channel gain on each vertical
array channel, (3) an estimate of the ¢cho amplitude an each
channel, and (4) an estimate of the echo time on each channel

= 0k



TABLE IV

Signal Gain Equalization Factors
Vertical Array

Event Number

Channel 1 2 3 4 3 6 v
D6 A LB NAs .862 G /B .863 .854
D5 SOMIE 2 CL % .934 .948 2968 1] 1 758 Mol
D4 1.028 1|0k 5 IIRIN 5 i S I Bkad® IER3%0 1.048
D3 06 S0b IM036 =8NS IM205 L4142 3 SIS0

D2 1.056 - CLH(0) BN o P .887 =¥ 2515 .896
D1 IRSEIR0 . 941 056 0248 MO0 124016 .944




based on the given wave velocity model; we can remove the
echos b, appropriately delaying ard scaling the signal
estimate to nominally null out the components due to the
apparent reflection coefficient, R(zi). After applying
the above mentioned signal equalization procedures, steps
(6) and (9), new estimates were made of the signal on the
horizontal arrey, vertical array, and combined horizontal
and vertical array, steps (7), (10) and (11). For the
purpose of channel gain equalization, and all other feedback
operations in the signal estimation procedure, we have
selected the vertical array estimate of signal as the

estimated signal.

e



For disolay purposes, the main output of the program
are plots of each channel, plus beams based on the sum of
horizontal array channels, vertical array channels, and
combined horizontal and wertical array channels. The
channels are plotted after shifting to remove time delays
associated with equation (1) “using the quantities “in Tabie II.
For the vertical array, a weight of unity represents the
signal as seen at the surface, where it is the sum of the
overlaid incident and reflected waveform. Below the surface
the incident wave is lined up with the surface seismogram
by adding one half of the echo time /(up-hole time) and the
reflected wave is lined up with the surface seismogram by
subtracting one-half the echo time (down-hole time). Each
of these are weighted by one half and added so that the total
weight of the incident plus reflected wave is one for all
of the sensors in the vertical array. Thus we convolve with
the filter 1/2 [~‘(t+TZ) + *(t-TZ)].

The first set of piots, Appendix 1, shows the beamed traces
for array co-ordinates given on Table I and signal propagation
parameters given in Table II. The estimates of signal on the
three types of arrays (horizontal: H, vertical: V, cumbined: H+V)
assume equal channel gains, reflection coefficiernts of unity,
and equal residual noise variance on each channel. In these
pilofds e hielannicalbnithoiniicliithielelchosMhidv.eMrcltil b elen removed from

the matched filtered single sensor vertical array plots.

The second set of plots, Appendix 2, shows the beamed
sensors using the same time-delays as in Appendix 1. Each
nannel 1 wsE oS e dib y R alie'a st s cu dla e sK glafilnaialcit'oiniitiole quiallkifze
the gain to the vertical array estimate of signal shown in
\ppendix 1. The estimates of signal on the three types of array

, Y, and H+V) are based on the sum of the gain equalized

= T 2



channels. The vertical array channels are not only gain
equalized, but the signal estimate from Appendix 1 has been
subtracted from each channel with the appropriate weights

and delays to remove echo distortion.

The third set of plots in Appendix 3 shows the residual
noise on each of tne beamed sensors as the difference between
the data on each sensor and the vertical array signal estimate
shown in Appendix 2. The estimates of signal in Appendix 3
are weighted proportionall, to the inverse variance of residual
noise shown in Appendix 3, with the sum of the channel weights
equal to one. The channel weights in estimating the signal on
the horizontal array are shown on Table V; on the vertical
arrav on Table VI; and on the combined vertical and horizontal

array on Table VII.

= )2k



TABLE V
%oise Equalization - Channel Ueights

Horizontal Array

fvent humter

Channel 1 2 3 4 5 6 7
Ul .190 196 150 .183 206 . 205 a1l 81
J2 119 .066 . 0:6'8 .088 074 .061 .071
U3 092 102 .049 .074 N6 » 1 0% 104
U4 075 . 105 .054 .082 OB .085 .085
u5 .095 092 29 .104 074 .086 .091
¢b 051 059 .052 .056 077 .080 088
u7 .051 0<0 2022 .00 .046 .031 .056
'8 053 0s2 049 .056 .046 N05F, N0z
u9 053 .061 .026 .042 8 0)512 .049 .052
uid .057 .063 01515 3051 .052 .049 .052
Uil .049 .063 .061 .056 .033 20513 064
uie 063 .062 128 .080 .065 .078 .065
ul3 050 .048 144 .088 .065 .074 .067



TABLE VI
Noise Equalization - Channel Weights

Vertical Array

Event Humber

Channel 1 2 3 4 5 6 7
D6 .057 .089 .069 .088 .105 114 1249
D5 . 285 .203 . 359 . 201 .206 .247 .208
D4 .284 .2h3 .150 a2l .256 .200 5 LS
D3 -1 BE s 1 768 113 . 184 .180 .163 2N
D2 .084 .136 .106 M0 .126 S o 1S

D1 .069 .084 o 11 DY .064 .073 .098 .097




LY

TABLE VII

Noise Equalization - Channel Weights
Total Array
Event Number
Channel 1 2 3 4 5 6 7
ul .051 .040 .035 .051 .044 .050 .034
uz 083 .014 .016 N0/245 .016 015 .018
u3 N5 .021 .011 .021 .027 N0/25 .027
U4 .020 .021 .012 .023 .018 201241 .022
us .026 .019 a(03% .029 .016 .021 .023
U6 .014 .012 012 .016 017 .020 .022
u7 .014 .008 .005 .01 .010 .007 .014
ug8 JUTE .009 011 .05 .010 011 .019
usg .015 .013 . 006 .01 L0101 .012 .013
10 .016 L0143 013 .014 .00 .012 .013
uli .013 NONs 014 .016 .008 .013 .016
uiz 017 .013 030 N0/213 .014 .019 017
ul3 014 .010 .033 .025 .014 .018 .017
D6 044 .074 q0i505 067 .087 .090 .100
D5 222 A0 22189 .54 o I/ 211919 .162
D4 4252 .220 .120 214 A .161 . 149
D3 121 . 148 .091 141 11419 5 U 81 .164
D2 .065 .113 .086 .092 .105 .093 .095
01 NOI5KE .070 .128 .045 .J6C .079 7/ &



Appendix 4 shows plots of the power spectral density of
the residual noise on each channel. The residual noise, i (L e
on the ith channel is the difference betveen the data measlred
on the channel, xi(t), and the vertical array estimate of signal,

SRS

The spectrum of Zi(t) is computed as Ei(b); the unsToothed esti-
mate of the power spectral density is Pi( } = Ei(‘) Ei(‘)' The
final values plotted in Appendix 4 were smoothed with equal
weighting over eleven neighboring frequencies resulting 1is
estimates of the residual power of 22 degrees of freedom (eleven

complex frequency points).

Appendix 5 shows plots of the power spectral density of
the signal e2stimates shown in Appendix 3. These are for sig-
nal estimates on the horizontal, vertical, and combined array
labelled as H, V, and H+V. The P-wave estimates are obtained
as & weighted beamed sum, S(t) = %hi Xi(t), of the channels, Xi(t).

’

The complex Fourier analysis of s(t), S(w); was used to compute
the unsmoothed signal power spectrum estimate Ps(u) = g*(u) g(u).
The final values shown on the signal estimate plots in Appendix 5
were smoothed over eleven neighboring frequencies to produce

spectral estimates of the signal with 22 degrees of freedom.

The spectrum of the signal estimaticn error is shown in
Appendix 5 in the last three columns. Assuming no correlation
in the channel residuals (Appendix 4) between channels the
P-wave estimation error power spectral density is the linear
sum of the channel residuals shown in Appendix 4. The weights
used to obtain the estimate of P-waves, S({w), is q; as shown
above. Assuming that residual on the channels is uncorrelated

ks



between channels and the spectral matrix of the residual is
diagonal, then the power spectral density of the error of the
signal estimate is the weighted sum of the residuals.

This is the spectrum shown in the last three columns of Appendix
5 witih the residual defined as the difference of the channel

and the vertical array signal estimate. If the beam involves

N channels, the number of degrees of freedom in the estimate

of signal error is 22*(N-1) for noise uncorrelated between
channels., If the residual is correlated between channels,

then the number of degrees of freedom is less than 22*(N-1).

ﬁppendix 6 is a summary of scatistics derived from measure-
ments: of signal and noise power spectral density. The tables
cOver;the expected energy band of teleseismic signals. The
'émbiept P-wave statistics are obtained using samples before the
/ sevenievents. Signal statistics are from a time window of 30
seconts after the expected arrival time of the observed tele-
seism{c events, Detection is considered from two points of
view; ((1) spectral energy in the signal band vs the ambient
noise |samples before the arrival time of the signal and (2)
spectral energy of the P-wave estimate to the spectral energy
of non P-wave energy in the given time window. The non P-wave

energy\is considered equivalent to the P-wave estimation error.

G



RESIU WS

In Appendix 1, the beamed horizontal array channels appear
to be fairly uniform in the apparent gain of each channel
except for channel 11 which appears elevated for all seven
events. The apparent signal amplitude variation (highest to
lloWe'sit)raingelit o masIF 2 N O oS FE AN R0 0 i C hia ninelISSRoit ITE R E hdin
channel 11. The apparent range of signal amplitudes on the
vertical array varies from 1.1:1.0 to 1.25:1.0. One very high
signal amplitude occurred on channel D3, event No. 6, which 1s
probably due to a calibration error.

It may seem, upon cursory inspection of the deep well traces,
that the depth of the sensors has been reversed. The fact that
D1, the deepest trace lTooks like a surface trace is due to zero's
in the Fourier trancform of the matched filter which, at this
depth, reduces the amplitude of the low-frequency energy thus
enhancing the high-frequency energy. The side-lobes of this
filter have been removed in the V trace estimate in Appendix 1.

In Appendix 2, the gain equalization and echo removal
operations were applied to each channel. Generally, the signal
amplitudes appear to be uniform on all channels indicating for
these high S/N cases, excellent performance of the signal gain
equalization and deghosting algorithms. The algorithms may
have to be modified to handle low S/N cases, since the least
square technique estimates low gains for these cases. Horizontal
array channel Ul is situated directly over the vertical array
and is thus comparable with the deghosted vertical array and is
thus comparable with the deghosted vertical array channels. In
all cases, the result of deghosting on the ambient noise is to
make every channel on the vertical array practically identical.
This was expected for the teleseismic P-wave signals but was

-16-



somewhat of a surprise for the ambient noise. In some (Getilp
events 2, 5, 6) of the events there is significantly mere

high frequency noise on the horicontal array channels than

on the vertical array. One might note in particular that this
is true for Ul just above the vertical array. This suggests
intermittent high frequency noise which damps out very rapidly
with depth. Channel D6 is buried only 0.6 km from the surface
indicating that much of the intermittent high frequency noise
decays with depth in less than 0.6 km. Note that this source
of "noise" could not be removed by a RIS EEISE TN s e s
however removed by beaming the horizontal array alone as shown
by e.g., trace H in Appendices 1 and 2, Event 5,

In Appendix 3, the estimates ot signal are based on gain-
equalized channels which are further weighted in-inverse
proportion to the variance of the residual noise under each
channel. The estimate of the P-wave on the vertical array was
subtracted from each channel. Both the amount of noise and
the apparent frequency content of the noise change markedly
after the arrival of the signal. The noise after the arrival
of signal was used in computing the channel weights for esti-
mating the sfgna]. In all cases, the residual noise is much
Tower on the vertical array, particularly at intermediate
depths. The range from lowest to highest residual noise is
from 4 to 8 db for the horizontal array; from 4 to 7 db for
the vertical array; and from 11 to 17 db on the combined
vertical and horizontal array. Note that the residual noise
is high-frequency and generally uncorrelated on the horizontal
array. See, e.g., event 5. This shows why the noise is
eliminated by the horizontal beam. It is eliminated by the
vertical array because it is not present at depth. The natural
hypothesis is high frequency Rayleigh waves scattered at the

& 1)l P



surface from boch the ambient P and the sianal. An objection
to this hypothesis is the slightly greater residual noise
level on the bottom seismometers. This might possibly be due
to a less satisfactory reduction of echo distortion at these
depths.

After calculating the signal gain equalization factors for
the vertical array, the gains were applied to each channel as
correction factcrs., In addition, the first sional estimate
from the vertical array was fed back with the fixed mode]l
echo time and subtracted to remove the eého distortion in
the vertical array. To obtain the first signal estimate a
reflection coefficient of unity was used. For the second
estimate, the program automatically calculated a reflection
coefficient for each channel. This could compensate for the
oversimplified model of a nearly vertically incident halfspace-
echo. The nearness of the apparent reflection coefficient to
unity is a check on the adequacy of the nearly vertical half-
space echo model. On each channel, for the seven events, the
apparent reflection coefficient is shown on Table VIII. The
FEiayE o, e e o UaEE e s 18 Sliems SR | ¢l deghostirg could
not have succeeded so perfectly had unit reflection coefficients
been assumed. The almost perfect copy on the vertical array
of both the P-wave signal and ambient field estimates, show
P-waves to be an adequat> model for both the teleseismic
signal and ambient noise field.

The least squares weights for the contribution of each of
the channels to the beamed sum are calculated from the residual
noise on each channel. If the channel weight is small there is
much noise under the signal; if the weight is large, there is
little noise under the signal. The weights are computed as
proportional to the inverse variance of the residual noise on

] (S



TABLE ¥III
Apnarent Rerlection Coefficient -

Vertical Array

Event ‘lumber

Cnannel 1 2 3 4 5 6
06 00 150118 .07 a3 0.93 12
K] .91 0.87 2 o (&) 0.81 .91

4 .81 0.81 .17 39 0.78 o U
)3 .95 0.]9 99 72 0.75 .77
B2 25 0.35 .81 66 0.%2 .76
I 78 (DI NG2 6 0.89 .81

.16
.01
.87
.84
o
o 1l 1



Soun,

the channel which occurs after the expected arrival time of
the teleseismic signal. Since the channels have already
been gain equalized, the sum of the weights is equal to one.

The initial assumption for computing the weights was

that the variance of non P-wave noise added to the signal was
equal on each channel, therefore the weight for each channel
was initially taken as 1/19 after the proper gain corrections
had been applied. Each sensor of the array was evaluated by
dividing the least squares weight for the beamed sum ints the
expected weight, 1/19. The result is a measure of the ratio
of the expected noise power to the observed noise power. The
resultant individuai channel performance figures are shown ir
Table IX. |

The weights for the weighted beam sum estimate of tele-
seismic P-waves are based on a-posteriari estimates of non
P-wave noise occurring after the‘expected first arrival time
of the teleseismic P-wave. This is a departure from methods
utilizing the apparent ambient noise before the signal to
design estimators of teleseismic P-waves. Such a method
applied here would yield apprcximately equal weights.

Much of the added noise occurring after the arrival of
the signal is expected to be proportiona?! to the energy of
the teleseismic P-wave, Further, we might speculate that the
non P-wave noise before the expected arrival time of the
teleseismic P-wave was generated by a dominant ambient P-wave
and is thus proportional to the energy of the ambient P-wave.
Table X shows the apparent S/N ratio (Ambient P-wave/Non P-wave)
before the teleseismic signal arrived. Table XI shows the
apparent S/N ratio (teieseismic P-wave/Non P-wave under tele-
seismic P-wave) after the expected arrival time of the tele-
seismic P-wave. Table XII shows the difference between the

= [



Channel
Yl -0.0
ue -2.2
3 -3.1
ua -4.2
us -3.0
6 -5.4
u7 5.4
usg -5.5
J -5.5
] -5.2
N -4,
12 5.1
183 -4.3
£ -0.7.
5 B3
] G5
3 3.6

TABLE

IX

omparative Channel Perfeormance (Necibels)

10 Legyg (Expected Noise/Observed Nnise)

Event Number

3
=72 <} o7
6.2 -5.4
-3.6 6147
=31,0 -6.3
o a5 =L vl
6.4 -6.4
St 27082
A0 -6.6
-6.2 -9.4
6.1 -8.1
6.4 =G
-6, 2 SR
-7.6 = AL
{4 0.2
5.0 T 1
6.2 3.4
4.6 2.3
3.4 2.1
lis 3] 2



Channel
ul
Uz
u3
U4
us
U6
u7
us
u9
ulo
un
Uiz
u13
D6
D5
D4
D3
D2
D1

Hor. Sum

Ver. Sum

Total Sum

AR AENX

S/N Ratio Before Signal 10 Log10

11

1

5 L

12.

18.

19.

13.

Uk

Ullg

17.

30.

3
%q

2%

1.
17.
20.
18.
1[58
1 c
14.
317

2

1

5

o &
.4

8

3
1

2

4

A5 T
14.
14.
1 e

14.
30.
26.

DB
Event Number

4
8 9.6
4 6.2
8 Wol
3 5.4
0 4.0
3 4.9
3 4.1
1 395
9 3D
3 2.2
/. s 1
3 2.6
0 2.1

.6 12.1
3 1968
2 18 a5
6 5%/
9 10.7
5 7.8
3 15.0
8 29.1
6 255

(P-Wave/Non p-Wave)

1124
V% ¢
19.
18.
18-

14.
30.
BT .

13.0

Vol

14.9
1127%5
1208
15.3
Sl L

Bl ot

15.
18.
18.
(158
1[68%
U8
16.
i3i31°
&Y



TABLE XI

S/N Ratio After Signal 10 Log,, (P-Wave/Non P-Wav~)

D8
Event Number

Channel
Ul 10.7 Bs 9. 10. 9. 11. 5.1
Uz 9.0 4. 6. Ue B £ 2.8
U3 Be | B¢ F 6. 8. 8. 4,6
J4 Upd 6. 5 7P 6. 7 3.6
us a8 o 10. 8. 6. Bo 4.2
ue Vo B B4 5. 6. 7. 3P89
u7 5.6 2 2 4, 8 o 1.8
us 5 ol 2f e Of e B 3.0
ug St/ 37 A 4, 4, Do o8
ulo 5o 8. B Be 4, B 1.6
unl 5.3 3. 6. D 2 Do 285
ulz 6.4 S gp Ve B 78 2087
13 5.4 oF 9% Ve o Ue 2.8
10.5 11, A 1L Ip3P 14. 989
D5 18.9 16. 21. 16. 1F7r 18. 14.1
14 21.3 11 17. 20. 20. JI9/% 13.7
D3 16.1 16. 15. 16. 17. 17. 14.1
D2 112981 )8 14. 13. 14. 14, 10.8
1 I0#9 (N1 16. O Y c 13 9.3
Hor. Sum 18.0 15. 18. 17. 16. 18. 14.0
Jer. Sum 29.8 3 & 33. 2408 32. 32. 29.1
Total Sum 28.3 28. 0 R 29. 29. 25.5



AR ERRAIN

Ratio of Scattering Cross-Sections 10 Logy, (Ksigna]/KAmbient)
2 (Hon P-Wave) = K 52 (P-Wave)
DB
Event Number
Channel 1 2 g 4 5
Ul 0. O, 7 -1.8 -0.6 -2.1 -0.9 Yo
u2 -2, =), ¢ -2.5 =), 8 &t s 3 -2.3 486
u3 -1. -0.5 -0.4 5= -1.7 -3.8 Ved
u4 0. -0.1 0.0 -1.8 -0.3 =1 202
us -0. 21l o & -4.0 -4.4 -0.7 -3.0 Vo ¥
ue 0. -1.4 -2.0 -0.9 -3.3 318 4.0
uz -0. 0.1 0.1 0.0 32493 -0.8 2.9
usg 0. 0.7 2.7 -1.8 -2.2 -3.8 0.7
us9 -0. -0.7 1.0 () 7/ -0.8 -2.9 o8
ulg - 2. -1.0 ¥20N5 -2.8 -.13 -3.1 0.7
utnl -0, -1.4 -2.7 -4.6 -0.3 -4.1 1.1
u12 O -0.6 -4.9 -4.6 -2.0 -2.5 2.0
g =1, -0.4 -6.9 -5.4 -4.0 -4.5 1.1
D6 2. 0.8 o &, & 0.2 -1.0 21 gl 551
D5 -0. 1.5 2 Siess 0.4 =87 4.1
D4 = 0.3 -3.3 -4.5 -0.8 -1.2 4.7
D3 -2, 1.5 -1.1 -0.6 1.0 -2.3 5.6
D2 -1, 1.2 -2.9 -2.3 -1.6 -1.6 2.8
D3 0. 0.4 -6.9 SRl S -1.0 6.7
Hor. Sum -0. -0.5 -3.8 -2.6 -2.0 -2.8 2.0
Ver. Sum 0. 0.8 -2.5 -0.7 -1.7 -1.1 4.3
Total Sum -0, -0.2 adol -2.3 -1.9 -2.5 2812



two cases and should be zero for similar P- Non P scattering
cross-sections or constant for different scattering cross-

sections.

in Appendix 6, Table F-1 verifies in the frequency domain
that the multichannel spectrum of noise is dominated by a
coherent P-wave energy at all frequencies up to 1 5867 il
Considerable variability between events is indicated in the
rélative magnitude of the P_wave component compared to the
non P-wave component. Comparison of teieseismic events on
Table F-2 with ambient P-waves ON F-1 indicates that in the
signal band, 98 Hz, a single dominant P-wave is a better

model feor teleseismic P-waves than for the ambient P-waves.

In Appendix 6, Table E-1 shows modest gains in the small
aperture horizontal array in the signal band. The maximum
gain in power is 6 compared to 13 which would be obtained for
13 sensors under /N amplitude improvement. For the vertical
array, from Table E-2, the maximum gain was 2 compared to 7/
for v N amplitude improvement. As expected, both arrays are
inefficient on a per sensor basis unless the dominant ambient
P-waves can be distinguished from teleseismic P-waves and

removed,

- )
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CONCLUSIONS

The ratio of the estimated P-wave energy to residual noise
before the expected signal arrival time, averaged over the
seven events, is 15.5 db on the horizontal array, 31.0 db on
the vertical array and 27.0 on the combined array. The same
figures computed after the signal arrival time are 16.0, 31.0,
and 28.0. This indicates practically no difference in residual
noise figures between ambient and a significant range (3.9 to
5.2 magnitude) of teleseismic events, suggesting that any non
P-wave noise 1is proportional to the single dominant P-wave
whether ambient or teleseismic. These figures however, are
heavily weighted for ambient noise on the .3 Hz microseism
band and it can be seen that the apparent S/N, (residual non
p-wave taken as noise) is highly frequency dependent. In
Appendix 6,Table F-1 and F-2 show that the S/N is much greater
for teleseismic events in the teleseismic signal band (.8-2.00 Hz)
jndicating much less signal generated residual non P-wave type
noise. Much of the difference between the horizontal array
and the vertical array residual noise figures disappears if
the residuals are computed with horizontal array signal
estimates and vertical array signal estimates, respectively.
Preliminary indications are that half of the difference
between the db estimation error on the two types of array
is reduced by this mode of comparison. If, in addition, the
data is band 1imited between .8 and 3.0 Hz, no significant
difference is observed between the estimation error on the

vertical and horizontal array.

The vertical array, partly because of its greater aperture
and partly because of the remarkably 1low residual noise in the
middle of the vertical array is a far superior device for esti-
mating broad-band P-waves by means of the weighted beamed sum.
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The use of channel weights appears to be required for any-
where near optimum P-wave estimation on both the horizontal
and vertical array. This is indicated by ranges from the
lowest to highest weights of 7 to 8 db for each type of array.
The indicated variations in amplitude anomalies and residual
noise from channel to channel are based on measurements from
data and are therefore estimates subject to estimation error,
Signal gain adjustment for amplitude anoma]ies‘a1so appears

to be necessary for optimum estimation of signa]s on both
types of arrays with expected signal gain anomalies ranging

to 1.4:1 for horizontal arrays and 1.25:1 for vertical arrays.

Any advantage of the vertical array on small aperture
horizontal arrays as detectors or estimators of tele-
seismic P-waves must surmount the problem of distinguishing
teleseismic P-waves from the apparently Markovian ambient
P-wave. In horizontally separating sensors, the fraction of
ambient P-wave or coherent noise drops and the fraction of
incoherent ncise increases in proportion to the distance
between sensors. For comparable separations and indeed for
much larger separations in terms of P-wave step-out times, the
vertical array coherent noise fraction remains nearly unity

and the incoherent component negligible.

P



RECOMMENDATIONS

Sufficient information was obtained from this signal and
noise study to make several recommendations. At this site,
the ambient noise as well as coda noise is dominated by
nearly vertically incident P-waves. The signal estimation
error is negligible (approximately -31 db -24 db with horizontal
beam reference, -Udb prefiltered 0.8-6.0 Hz) using the vertical
array. The major problem in applying the combined vertical
and horizontal array as a detector and estimator of teleseismic
P-waves hinges on discriminating between a dominant ambient
P-wave which is nearly vertically incident and teleseismic
P-waves. This suggests that the horizontal array at this site
should be of sufficient aperture to distinguish teleseismic
P-waves from the ambient P-wave. It may be necessary to
increase the aperture of the horizortal array, although this

has by no means been demonstrated yet.
Five possible paths for future research are suggested

1) It is noted that a propagation single mode system
composed of a dominant P-wave with amplitude anomalies adequately
describes both teleseismic signals and ambient noise. The
single P-wave models used to estimate teleseismic P-waves should
be replaced by two P-wave signal models to distinguish tele-
seismic signals from ambient. noise on the basis of significantly

different amplitude anomalies.

2) The accurate estimate of ambient P-waves on the vertical
array should be used as desired output of operators on the
horizontal array to obtain propagation operators (spike seismo-
grams) for each horizontal array channel.

3) Given an ambient P-wave propagation model determine
amplitude anomalies of teleseismic events as an additive P-wave

SRS



to ambient P-waves rather than as a single P-wave as in this

report,

4) Use estimates of the horizontal array propagation
operators for analysis into discrete traveling wave components;
either for f-k analysis or simply ray parameter analysis as in
program WABBIT.

5) The present design is only adequate for high S/N
measurements of signal. By appropriately filtering each
channel, and using smaller time windows to compute apparent
signal gains on each channel and using a different gain esti-
mation algorithm the orocessor can be made applicable to lower
S/N measurements, v ower S/N events should be used to test the

modified processor,

-24-
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APPENDIX 1

DATA BEAMED TO U1 (OVER VERTICAL ARRAY)

Ul-U12 Horizontal Array Channels

D6-D1 Vertical Array Channels
(Shallowest to Deepest)

H Signal Estimate on Horizontal Array
v Signal Estimate on Vertical Array

H+V Signal Estimate on Combined Array
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APPENDIX 2
GAIN EQUALIZED CHANNELS

U1-U13 Horizontal Array
D6-D1 Vertical Array

H Signal Estimate on Horizontal
Array After Gain Equalization

) Signal Estimate on Vertical i
Array After Gain Equalization

H+V Signal Estimate on Combined
Array After Gain Equalization
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APPENDIX 3 ]
RESIDUAL NOISE MEASUREMENTS ,

Vertical Array Estimate of Signal
Subtracted from each Channel

Signal estimates oﬁ?H, V, and H+V use unequal weights
proportional to inverse variance from above residual "ﬁiiP
measurements taken under the signal.
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- APPENDIX 4

spectral analysié of the residual noise on each

channel.

Two time windows before the expected arrival time
of the teleseismic event.

Two time windowslaftgr the eipected=arrivgl time
of the teleseismic event.
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APPENDIX 5

Spectral analysis of signal estimates.

i

Spectral analysis of error‘ih the signal’
estimates.;

Two time windows before the signal show

the power spectrum of the ambient P-wave ]

uﬁderwiignal-estimates; and of the non-
P-wave noise under signal error.

i . '
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| TABLE A-1
 Amb1ent P-wave Noise on the Horizontal Array
i Event Number
| (mu/Hz)

2 - :
;reguonc!n , :
(Hz)" 1 2 g 4 5 6 1 MEAN  S.8.

T1.33 27.7  8.06 3.85  6.83 1.9 13.0 5.40 1.0 8.0

165  4.60 3.61 1.95 1,64 5.36 3.76 1.62 2.96 1.52
o T, . ¥ E
1,98 .964 - .736  .332  .518 .346  .384  .076 .478  .286
.30 099 .06 .095  .056 - _.118  .107 .019 .079 .035
+.63 .03 , .020 .631  .062 .01 .013 . .007 .025 v .022
c ' -
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, TABLE A-2
AmbLient P-wave Noise on the Vertical Array
“Event Number |
(mu2/Hz) il
""rgu_e_\ccz ' '
H2) ] 2 3 4 5 6 7 MEAN. S.D
33 46.3  17.0 11,0 14.8°  21.0 ' 30.9 18.0 -23.0 12,1
1] 13.8 8.99 6.78 4.30 10.6 6.52. 6.'79" 8.20. 3']6,
98 . 1.68 1,16 .998 1.05  .692 .919 .318  .970  .422
3 .270 .17 .299 . .223 .40 327 104 .21 089 -.
63 .066 .050 .0&8 .088 . L0285 .061 .029 .055 .028 -
95 .169 .020 ',083’ .032 .014 .054 .008 .048 .056
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, TABLE A-3 _ ‘ | ’ ;
Ambient Noise Using a Single Sensor :
L] ] II
y Event Number l ;
(mu2/Hz) ‘1 g
Frequency | T : : R (
(Hz) < 2 3 TR TR TARNE TSR L T “
.33 50.4 18.8 12.8  16.3 22.7 34,0 20.3 25.0 13.0
.65 15,0 10.0 8.6 4.9 11.3 7.0 7.8 9.23 3.27 ;
.98 213 1,79, 1.33  1.34 1.82 . 1.43 .77 1.52  .400
1.30 .380 .203  .397  .375 1,32 '.404 139  .290  .120
1,63 - L1050 .13 124 A .207 . ,169 055  .139  .045
- 1.95 .33 .088 .084 065  .103 .49 .033 .122  .100
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TABLE B-1

»

(mu?/nz)

3 .

Teleseismic P-wave on the Hortipnta]

¢

~

Arrjy

- -/l'
74equency
‘fl(ﬁz): ]

.33 85.3

.65 f@ 151,

98 147,
/- 1.30 '88.30

AT 1,63 13.4

‘“-'_ 1,95 652
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1.2

6.84
4,98
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©1.69.

.065

-+ 28.2

16.0

'188.I

1160.

et
595.
17.3

0.9
5
43.4
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13.8
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1.29

"y
)
.
.
.
-
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. L ™ TABLE'B-Z

; > h Teleseismic P-wédg on“the Vertical

s _/"5 3 'L E : w.'

J Event Nudber
~ Z1hz)

o ) ., B

. 0 o s "

»,

Frequency o L -
S el ek ol S <R

.33 764 2.8 6.3 20.8  “36.5
i 65 231, 19.3 ° 43.7° 63.3-  10.9
98 240.  5.08 © 385.  69.1  9.50
1,30 87.0/ 6.80 .1490. . 36.7 - - 3.94
1.63 7.95/ .24 .45, 11.0  2.30

1.95 ~ .457  .066 15.8 -.-2.,57  .517
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“3

: TABLE C-2
A1 N (Spectrum After signal)/{Spectrum Before Signal)
S/N Ratio - Vertical Array
Event Numbef
frequency

(Hz) ] 2 3 4 5 N d
.33 1.65 1.58 5.57 1.41 1.74 5.3 0.57
,,,,,, i - .65 16.7 = 2.15  6.45 li.7 1.03 12.3 0.87
.98 142.9 4.34 385. 65.8 13.7 61.9 14.5
1.30 322.2 58.1  4980. 165, 28.1 94.8 30.7
1.63 120.5 24.8  9480. 125. 92.0 65.6 359.
1.95 2.70 3.3 ‘367. 80.3 36.9 12.3 337.



Frequency
(Hz)

.33
.65
.98
1.30
1.63
1.95

TABLE C-3

S/N Ratio Single Sensor Using Noise Before Signal

Event Number

1 2 3 4
1.62 1.57 5.35 1.39
16.0 2.06 5.80 13.7

121.6 3.61 321, 56.0
276.3 41.4 3990. 109.
176.2 18.0 5800. 95.7
4.55 13.5 323. 66.6

5 6 /o
1.7 5.35 0.55
1.05 12.1 0.87
5.71 L7 s, 7.35
4.26 91.1 30.4
15.6 45.1 98.9
9.69 14.0 125.



TABLE D-1

(Ambient P-wave/Mean Ambient P-wave)-Horizontal Array

Event Number

Frequency
(Hz) 1 2 3 4 5 6 T S.D.
238 2.52 0.77 0.35 0.62 1.08 1.18 0.49 0.72
.65 1.55 1.22 0.66  0.55 1.81 1.27 0.55 0.51
.98 2.00 1.54 0.69 . 1.08 .723 .803 .158 0.60 -
1.30 1.25 0.77 1.20 0.70 1.49 1.35 0.24 0.44
1.63 1.20 0.80 1.24 2.48 0.56 0.52 t0.28 0.88
1.95 2.78 0.58 1.42 1.21 0.28 0.42 0.1 0.95



Freugency
(Hz)
.33
.65

TABLE D-2

(Ambient P-wave/Mean Ambient P-wave)-Vertical Array

1 2 3 4 5
2,00  0.74 0.48 .64 0.91
1.68  1.10 0.83 0.52 1.29
1.73 120 1.03  1.08 0.71
1.28 0.5 1.42  1.96 0.66
.20 0.9  1.24  0.63 0.45
3.52  0.41  0.90 0.67 .0.29

Event Number

g,

N

1.34
0.80
0.95
"1.55
1.1
1.12

0.78
0.83
0.33
0.49
0.53
0.17



TABLE D-3

(Noise Before Signal/Mean Noise)-Single Sensor

Event~ﬁumber

Frequency
(Hz) 1 2 3 4 5 6 7 S.D.
.33 2.02 0.75 0.51 0.65 0.91 1.36 0.8 0.52
.65 1.63 1.08 0.92 0.53 1.227 0.76 0.84 0.35
.98 1.40 1.18 0.88 0.88 1.20 0.9@ 0.51 0.26
1.30 1.31 0.70 1.37 1.29 0.46 1.39 0.48 0.4
1.63 0.78 0.96 0.80 1.01 1.49 1.22 0.40 0.32

1.95 2.75 0.72 0.69  0.53 0.84 1.22 0.27 0.82



TABLE E-1
(S/N ¢f Array)/(S/N of Single Sensor)

Power Gain of H Array vs Single Sensor

Event Number

Freugency s _
(ﬁz) 1 2 3 4 _. o 6 7 MEAN
.33 1.23 ~ 0.84 1.37 1.15 0.97. 1.59 .74 ' 1.13
.65 2.05  0.92 1.42 1.62 0.97 1.24 1.01 1.32
.98 1.27  1.88 1.76 1.50 '4.08 3.21 4,18 2.s%
1.30 3.23  2.72  3.06 5.94 11,4 3.52 4.38  4.89
1.63 2.54  4.69 3.31 2.33 15,2 11,9 4.57  6.36
1.95 2.70  0.44 1.98 . 2.09 . 12.7 11.5 6.40 5,40



TABLE E-2
(S/N of Array)/(S/N uf Single Sensor)

Power Gain of V Array vs Single Sensor

Event Number

Frequency :
(W2) 1 _2 3 4 5 6 7 MEAN
.33 1.02 1,00 1,04 1,00  1.05 1.03 1.06 1.03
65  1.04 1.0 1.1 1.0 0.98 1.02 1.00 1.04
.98 1.7 1.20 .20 1.18  2.40 1.48 1,97 1.5
1.30 1.17  1.40  1.25  1.51 .80 1.04 1.01  1.31
1.63 0.68 1.38  1.63  1.31 5.89 1.45 1.61  2.00
1.95 0.59 0.24. 1.14 1.2] 3.81 0.88 2.61  1.49
S8 &
s \



Frequency

(Hz)
533

.65

.98
1.30
1.63
1.95

. "J&S‘?ﬁ-‘ 4

L]

TABLE F-1

F - Statistics (Vertical Array)

Event Number

Ratio Ambient P-wave to Estimation Error

] 2_ 3 4 5 6 7
333. 401, 218,  272.  603.  289. 425,
140.  138.  70.4  87.9  268.  92.5 152,
5.2 243 20.2° 440 235 18.8 4.2
93.4. 9.37 70,0 44,5  7.76 51.3 40.5
65:2 4.4 4.8 414 7,91 20.3 22.3
10.4 7.1 Aiis“w\\gf.o 6.78  17.8 7.41

\



i
TABLE F-2
F - Statistics (Vertical Array)

Ratio Teleseismic P-wave to Estimation Error

Event Number

I

Frequency '
(H2) 1 £ - 5. 6 7
.33 438, 510, 327. 266.  665.  496.  369.
© .65 333, 272, 160, ¢ 208. 116.  333.  186.
.98 505.  65.8  186.  183. 87.1 151  64.3
%.30 y32. 228 545, 289. - 101 119. 76.4
.63  59.7  80.0  332. 141. 145, 59.2  106.
1.95 133 7.97  53.8. 29.3  49.4 342 39.2
PO .
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